tolerance. Chronic morphine treatment also activates the cyclindependent kinase 5 and glycogen synthase kinase 3␤ (GSK-3␤)
signalling pathway, whereas the inhibition of them diminishes morphine tolerance and restores analgesia in rats [13] . GSK-3␤ is expressed ubiquitously and is one of the central molecules in intracellular signal transduction [14] . It may play an important role in diverse physiological and pathological states [15] . [17, 18] [19] and interstitial pneumonia [20] . [21, 22] . [23] .
Proteins destined for secretory pathways, such as cell surface receptors including MOR, are inserted into the endoplasmic reticulum (ER), where their folding or degradation intermediaries interact with molecular chaperones like binding immunoglobulin protein (BiP/GRP78) [16]. Many physiological and pathological conditions, such as secretory demands, ischemia, hypoxia and genetic mutations, can cause aberrant protein folding and the accumulation of misfolded proteins in the ER. These insults lead to ER stress and initiate the unfolded protein response (UPR)

In this study, we examined whether ER function may attenuate the MOR signalling pathway, which might cause the development of morphine tolerance. GSK-3␤ is one possible candidate molecule that may play key roles in both the UPR and MOR signalling pathways. ER stress induces the activation of GSK-3␤
GSK-3␤ may also be involved in the MOR signalling pathway, as stimulation of MOR by morphine may lead to the activation of phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway
The kinase Akt inactivates GSK-3␤ by phosphorylation of Ser9.
BiP is central to ER function [24] . We have previously produced knock-in mice expressing a mutant BiP in order to elucidate the physiological processes that are sensitive to BiP function in adulthood [25] . The mutant BiP protein lacks the retrieval carboxyl-terminal Lys-Asp-Glu-Leu (KDEL) sequence [26, 27] [25] . They also have cortical dysplasia due to impaired synthesis of reelin by Cajal-Retzius cells [28] [29, 30] 
, that normally functions to return BiP to the ER from the secretory pathway by the KDEL receptor in the Golgi complex. This mutant allows us to examine the effects of a defect in ER function without completely eliminating BiP function. The homozygous mutant BiP mice have defects in some professional secretory cells. They survive only several hours after birth due to impaired pulmonary surfactant biosynthesis by alveolar type II epithelial cells and respiratory failure
Cells and reagents
Mouse embryonic fibroblasts (MEFs) were prepared from 13.5-day-old embryos [25] . MEFs (Fig. 1A, at time 0) . The time courses of response latencies of the both groups at the first morphine treatment on day 1 were almost similar, and both latencies reached the 60 sec. cut-off point 30 min. after injection (Fig. 1A) .
Even just before the tenth morphine treatment on day 5, the response latencies of the both groups were not significantly different (Fig. 1A, at time 0) . These results indicate that the mutant BiP mice have normal sensory transmission and analgesia. After the tenth morphine treatment on day 5, the response latencies of the wild-type mice were significantly reduced, indicating that morphine tolerance had developed (Fig. 1A) [25] were transfected with a myc-tagged MOR (Fig. 2) (Fig. 3A) . The mean percentage MPE of the mice receiving both SB216763 and morphine was significantly greater than that of mice treated with morphine alone (Fig. 3B) . Thus, the inhibition of GSK-3␤ prevented the development of morphine tolerance in mice. (Fig. 4) . (Fig. 5) . (Fig. 6) . Akt inactivates GSK-3␤ by phosphorylation at Ser9 [23] . A similar extent of Akt phosphorylation at Ser473 was seen in embryonic brains (Fig. 6) . These results suggest that the mutant BiP lacking the KDEL sequence may attenuate the activation of GSK-3␤ in vivo. (Fig. 7) . BiP [29, 30] . We administered TUDCA together with 20 mg/kg morphine twice a day for 5 days in wild-type mice, and hot plate tests were performed at the first and the tenth treatments. The response latencies of the mice receiving both TUDCA and morphine were significantly longer than those of control mice with morphine alone after the tenth treatment (Fig. 8A) . The mean percentage MPE of mice treated with TUDCA and morphine was significantly greater than that of the mice treated with morphine alone (Fig. 8B) [24] . ER chaperones are localized to the ER by two mechanisms: retention and retrieval [36] [37] . When BiP is secreted from the ER along with misfolded proteins [38, 39] [15] . ER stress also induces the activation of GSK-3␤ [21, 22] [23] . Because a similar extent of Akt phosphorylation at Ser473 was seen in embryonic brains (Fig. 6) 
Inhibition of GSK-3␤ signalling is associated with the prevention of morphine tolerance
Then, we speculated that the UPR signalling may attenuate the MOR signalling, which may cause the development of morphine tolerance. GSK-3␤ is one possible candidate molecule that may play key roles in both the UPR and MOR signalling pathways. Recently the inhibition of GSK-3␤ by the specific inhibitors SB216763 and (2ЈZ, 3ЈE)-6-bromoindirubin-3Ј-oxime was shown to diminish the development of morphine tolerance in rats after chronic intrathecal morphine treatment [13]. We evaluated the effect of inhibition of GSK-3␤ on the development of morphine tolerance in our mouse model through intraperitoneal injection, which might affect both spinal and supraspinal analgesia. We administered 0.4 mg/kg SB216763 and 20 mg/kg morphine twice a day for 5 days in wild-type mice, and hot plate tests were performed at the first and tenth treatments. The response latencies of the mice following co-administration of SB216763 and morphine were significantly longer on day 5 than those of control mice with morphine alone at 15, 30, 45 and 60 min. after morphine injection
GSK-3␤ is attenuated in the mutant BiP mice
The kinase activity of GSK-3␤ is regulated by its phosphorylation status. Phosphorylation of residue Ser9 inactivates the activity, whereas dephosphorylation of Ser9 and phosphorylation of Tyr216 enhance the activity [14]. We evaluated the phosphorylation status of GSK-3␤ in the brain stems of wild-type and heterozygous mutant BiP mice using specific antibodies against phosphorylated Tyr216 GSK-3␤ and phosphorylated Ser9 GSK-3␤. After chronic morphine injection intraperitoneally for 5 days, the wild-type mice developed morphine tolerance, whereas the mutant BiP mice remained less tolerant to morphine. Because we injected morphine intraperitoneally, both spinal and supraspinal neurons were supposed to be affected. Neurons with MOR expression in the periaqueductal grey (PAG) matter contribute to morphine tolerance [33-35]. With repeated morphine treatment, the mutant BiP brain stems showed low levels of phosphorylation of Tyr216 in GSK-3␤, in contrast to the prominent phosphorylation in wild-type mice by Western blotting
After chronic morphine injection intraperitoneally for 5 days in both types of mice, the brains were sectioned and double immunostained with antibodies raised against MOR and tyrosinephosphorylated GSK-3␤. MOR-immunopositive neurons in the PAG region of wild-type brains showed more enhanced expression of tyrosine-phosphorylated GSK-3␤ significantly than those in the mutant BiP brains
These observations suggest that chronic MOR stimulation by repetitive morphine injection may activate GSK-3␤ and that the activation of GSK-3␤ may be related to the development of morphine tolerance. Mice with the mutant BiP may be defective in the activation of GSK-3␤.
Fig. 4 GSK3␤ is less activated in the mutant BiP mice with morphine treatment. The heterozygous mutant BiP mice (B/ϩ) and wild-type mice (ϩ/ϩ) were injected with 20 mg/kg morphine intraperitoneally twice a day for 5 days (M) or with saline (C). The expression of phospho-tyrosine216 GSK3␤ (GSK3b-pY), phospho-serine9 GSK3␤ (GSK3b-pS) and GSK3␤ in brain stems from both types of mice were evaluated by Western blotting. The activation of GSK3␤ was assessed by comparing the relative density (arbitrary units) of the band corresponding to phospho-tyrosine216 GSK3␤ to the GSK3␤ band (lower panel, pY/GSK3b
The mutant BiP may attenuate GSK-3␤ in mice
In order to evaluate the effect of the deletion of the carboxyl-terminal KDEL sequence from BiP on GSK-3␤ activation in vivo, we examined embryonic brains of homozygous mutant BiP mice which did not express the wild-type BiP. Western blotting revealed prominent phosphorylation at Ser9 of GSK-3␤ and less phosphorylation at Tyr216 in the homozygous mutant BiP brain compared to those in the wild-type brain
GSK-3␤ is attenuated in the mutant BiP MEF
ER stress has been reported to induce the dephosphorylation at phospho-Ser9 of GSK-3␤ [21]. We examined MEFs from wild-type and homozygous mutant embryos in order to evaluate the effect of ER stress on GSK-3␤ activation. Thapsigargin inhibits calcium transport to the ER and perturbs protein maturation in the ER, resulting in the induction of the UPR. Although the dephosphorylation at Ser9 of GSK-3␤ was observed in both types of MEFs upon stimulation with thapsigargin, the phosphorylation at Ser9 of GSK-3␤ in the homozygous mutant BiP MEFs was more prominent, suggesting that the deletion of the carboxyl-terminal KDEL sequence from BiP may attenuate GSK-3␤ activation
Chemical chaperone attenuates the development of morphine tolerance
In order to confirm that an ER chaperone mediates the development of morphine tolerance, we examined the effect of a chemical chaperone on morphine tolerance. Tauroursodeoxycholic acid (TUDCA) is a derivative of endogenous bile acids that is thought to increase ER folding capacity and suppresses the expression of
